This paper presents a controller design approach considering robust vibration suppression against resonant frequency variations in piezo-actuated systems. In piezo-actuated systems, the improvement of suppression performance with respect to external disturbances and nonlinearities such as hysteresis and creep by the expansion of feedback control bandwidth is indispensable for achieving high-precision positioning. The vibration suppression approach is a key technology for the expansion of bandwidth. From a practical point of view, a minor feedback loop including a simple compensator with a few parameters to increase the design freedom is added to the general feedback control system. In the minor-loop design, the reduction of sensitivity gain at around the resonant frequencies is considered to suppress the residual vibration of the references and disturbances, and the loop-shaping approach based on the frequency domain is adopted to provide an intuitive and practical design guideline. A major-loop for an augmented plant, including the minor-loop, is designed by considering the system stability, servo bandwidth, and settling performance. The proposed approach is verified by conducting experiments using a commercial piezo-actuated stage system.
Introduction
High-precision positioning is one of key technologies in various mechatronic products such as storage devices (1) - (3) , industrial machines (4) (5) , and manipulators (6) - (8) . As one of the actuator devices in the mechatronic systems, piezoelectric actuators have been widely used in nanopositioning fields, e.g., nanopositioning stage systems, nanorobotic manipulators, and scanning probe microscopes (SPMs) such as scanning tunneling microscopes (STMs) and atomic force microscopes (AFMs), because of the advantages of high resolution, rapid response, non-magnetic field, and large force generation for the volume (9) . However, the piezo-actuated systems generally include uncertainties such as nonlinearities due to hysteresis and creep phenomena, which deteriorate the positioning and/or tracking accuracy. In addition, resonant vibrations in the mechanism lead to vibratory responses or system instability. In order to achieve the higher precise control performance, therefore, it is necessary to compensate for the nonlinear characteristics as well as mechanical resonant vibrations.
Hysteresis is one of the typical nonlinear characteristics in the piezoelectric actuators, which appears between the applied voltage and the output displacement. In the open-loop control, various types of modeling and the inverse model-based feedforward compensation approaches for the hysteresis have been proposed, e.g., the Bouc-Wen a) Correspondence to: Kenta Seki. E-mail: k-seki@nitech.ac.jp * Department of Electrical and Mechanical Engineering, Nagoya Institute of Technology Gokiso, Showa-ku, Nagoya, Aichi 466-8555, Japan model-based compensation (10) , the Preisach model-based compensation (11) , and the Prandtl-Ishlinskii model-based compensation (12) . However, the drawback is the substantial modeling complexity and time-consuming modeling process because of the difficulties in understanding the hysteresis behavior and deriving complex mathematical models for the same. In addition, although the inverse model-based approach is one of powerful tools to completely compensate for the hysteresis, the compensation performance depends on the accuracy of the modeling. As a result, the control performance is unsatisfactory because of modeling error and/or parameter variations. The creep phenomenon, which is another nonlinear component, requires complex mathematical modeling and parameter tuning, where the problem associated with the hysteresis compensation exists in the open-loop control.
Feedback control systems using high-resolution sensors are indispensable to overcome the problem of the open-loop control (13) . In the feedback control systems, the improvement of sensitivity characteristic by high gain feedback controller is required to suppress the nonlinearities and other disturbances (14) . However, the feedback gain cannot be adequately increased because the general positioning mechanisms that employ piezoelectric actuators inherently include mechanical vibration modes. In addition, the mechanical resonant frequencies become lower because the piezo-actuated systems are generally applied the flexure hinge mechanisms to enlarge the output displacement (15) . The vibrational dynamics tend to have a low stability margin because of the sharp resonant peaks associated with the low structural damping. Although notch filters or state feedback are practically used to suppress c 2018 The Institute of Electrical Engineers of Japan.
the resonant peaks as studied in Refs. (13) , (16) , (17) , it is difficult to ensure the robust stability against resonant frequency variations. In addition, the phase delay in the notch filters decreases the phase margin. Feedforward approaches (18) using inverse dynamics of mechanical resonances cannot suppress the resonant vibrations for the input disturbances as well as low robustness of suppression performance. Passive/active damping techniques without additional sensors are proposed to increase the effective structural damping for the piezoactuated systems (19) (20) . Although these approaches can give damping effect to the existing system using shunt or bridge circuit, these external circuits are difficult to tune the optimal parameters using analog devices. In addition, sufficient damping effect cannot be obtained because detection signal through the circuit is very small. In Ref. (21), vibration suppression of piezo-actuated system was achieved using dualsensor. However, the additional sensor leads to an increase in cost, and the commercial products may be difficult to add the new sensors. As other approaches, on the other hand, advanced control techniques have been developed to improve the control accuracy and bandwidth, e.g., adaptive methods (22) , robust control approach (23) , sliding mode control (24) , and repetitive control (25) . However, these control techniques cannot be implemented in some cases, e.g., high computational cost, complex algorithms, and difficult parameter tuning process. Therefore, these approaches should be appropriately selected considering the control purpose, plant characteristics, computational performance of the controller, sensor resolution, etc. In addition, from the practical point of view, the control structure and the design guideline should be simplicity and clear.
As a new approach, this paper presents a design approach to achieve robust vibration suppression against resonant frequency variations without additional sensors and low computational cost in the piezo-actuated systems, where the goal is to achieve the control purpose by a simple control structure under the use of single sensor. In this approach, minor feedback loop including a simple compensator is added on the general feedback control system to increase the design freedom because simple feedback control structure is difficult to satisfy some control purposes simultaneously. From the practical point of view, control structure of additional loop is considered simplicity of design and ease of parameter tuning. The design of minor-loop only focuses on the suppression of resonant vibration modes, where the reduction of sensitivity characteristic at around the resonant frequencies is especially considered to attenuate the residual vibration for the references and disturbances. The loop-shaping approach (26) (27) based on the frequency domain is adopted to provide the intuitive and practical design guideline. Majorloop for an augmented plant including the minor-loop, on the other hand, is designed by considering the system stability, servo bandwidth, and settling performance. The effectiveness of proposed design approach is verified by conducting experiments using a commercial piezo-actuated stage system. Figure 1 shows an overview of target piezo-actuated stage with a high resolution capacitive Figure 2 shows the system configuration as the experimental setup. The stage position y is detected using the capacitive sensor in the frame part of the stage system. The stage position is transferred to a controller board (DS1103, dSPACE GmbH) through an sensor amplifier (E-610, Physik Instrumente GmbH & Co. KG.) with a sampling period of 0.1 [ms] . A stacked piezoelectric actuator is driven based on the control input u through a power amplifier (HSA 4014, NF Corporation). The gain of power amplifier is set as 10.
System Configuration and Plant Model

System Configuration of Target Piezo-actuated Stage System
Model of Plant Characteristic
The solid red lines in Fig. 3 show the frequency characteristic of the sensor voltage y v for the control input u. The characteristic is measured using a dynamic signal analyzer (35670 A, Agilent Technologies, Inc.) by employing swept-sine excitations. The figure shows that the mechanism includes two mechanical vibration modes due to the elastic deformation of the hinges in the high frequency range. Therefore, a mechanical 
where K a : gain of power amplifier, K g : linear plant gain, K c : gain of sensor amplifier, ω mi : natural angular frequency of ith vibration mode, ζ mi : damping coefficient of ith vibration mode, k mi : modal constant of ith vibration mode, ω c : cutoff frequency of lowpass filter in the sensor amplifier, and L c : equivalent dead time, respectively. As the cutoff frequency of the power amplifier is above 10 [kHz], the characteristic is considered as a gain component. The broken lines in Fig. 3 show the frequency characteristic of the mathematical model P(s). Table 1 lists the model parameters identified via curvefitting.
Simple Feedback Control System
In general, a simple feedback control system shown in Fig. 4 is designed for the plant P(s). In the figure, C s (s) indicates the feedback compensator, r indicates the position reference, and d indicates the input disturbance. From Fig. 3 , each vibration mode has sharp peaks. The gain peak of the 1st resonant frequency is approximately 30 [dB] higher than the DC gain of the plant. In the feedback controller design, therefore, damping should be sufficient to ensure the stability of the system and avoidance of the residual vibrations. As a simple approach to compensate for the effects of the vibration modes using a feedback compensator, gain compensation using the notch filters is practically applied in the industrial products. On the other hand, phase-stabilized design using a vector locus of an open-loop characteristic has been proposed, where the circular vector locus of the vibration modes expands far away from the (−1, 0) on the Nyquist plot (26) . Here, Fig. 5 shows the vector locus of the plant characteristic. The figure shows that the vector loci of each vibration mode draw the left-side on the complex plane. In addition, these vibration modes are in-phase mode. In the design of feedback compensator, therefore, not the phase-stabilized design but the gain compensation approach should be applied to compensate for these vibration modes.
On the basis of the design guideline for the vibration suppression, the feedback compensator C s (s) should include two Table 2 lists the designed parameters of C s (s). These parameters are tuned by considering the stability of the system and settling performance without residual vibration. Figure 6 shows closed-loop characteristics of y for r in Fig. 4 , where the solid green lines indicate the characteristic under nominal condition without resonant frequency variations, the dotted red lines indicate the characteristic for the 1st resonant frequency variation of +20% (it means 1.2×ω m1 ), and the broken blue lines indicate the characteristic for the 1st resonant frequency variation of −20% (it means 0.8×ω m1 ). From this figure, the suppression performance against the variations in the resonant frequency is insufficient. In addition, the resonant vibrations are excited by the input disturbance d in the feedback control system of Fig. 4 because the gain peaks of each vibration mode are approximately 40 [dB] . Therefore, the application of other compensation approach is indispensable for this plant to achieve the high performance of vibration suppression and the robust property against resonant frequency variations.
Design of Feedback Control System with Minor-loop
Design Guideline
An additional compensator should be introduced to achieve the several requirements for the control system of the target piezo-actuated stage system because it is difficult to achieve the robust vibration suppression against resonant frequency variations by a single feedback compensator. In addition, it is necessary to give a clear design guideline for each compensator. Figure 7 shows the feedback control system with minorloop. In this control system, minor-loop focuses on the robust compensation for the vibration modes with frequency vibrations. Thus, the minor-loop compensator C 1 (s) is designed considering the reduction of the sensitivity gain at around the resonant frequencies in the minor-loop. On the other hand, the design of major-loop is only considered for the simple plant characteristic without vibration modes because the gain peaks at resonant frequencies are attenuated by the minorloop. The compensator C 2 (s) is designed considering system stability, servo bandwidth, and settling performance. The design guideline and parameter tuning of each compensator becomes clear by adding the minor-loop.
Minor-loop Controller Design
From the viewpoint of phase stabilization design for the resonant vibrations, vector loci should be drawn in the right side on the complex plane in order to reduce the sensitivity gains at the resonant frequencies. The phase at 1st resonant frequency 354 [Hz] is approximately −170 [deg] from the plant characteristic shown in Fig. 3 . Therefore, negative term should be included to change the phase 180 [deg] in C 1 (s). In addition, the lowpass filter is designed to adjust the phase at resonant frequencies and to avoid spillover in the high frequency. From the above design guideline, C 1 (s) is given as Table 3 lists the designed parameters of C 1 (s), where these parameters are tuned based on the vector loci of minor-loop. Figure 8 shows the Nyquist diagrams. Figure 9 shows the sensitivity gains (u/u ) and the gain characteristics (y/u ) of minor-loop. In these figures, solid lines indicate the characteristic under the nominal condition without the resonant frequency variation, broken lines indicate the characteristic Fig. 7 . Feedback control system with minor-loop Table 3 . Parameters of each compensator
under 1st resonant frequency variation of +20% (1.2×ω m1 ), and dotted lines indicate the characteristic under 1st resonant frequency variation of −20% (0.8×ω m1 ). From Fig. 8 , vector loci of vibration modes are drawn in the right side on the complex plane. As a result, the sensitivity gains and gain peaks of minor-loop characteristic (y/u ) can be reduced under the frequency variations. This minor-loop compensator only has two parameters. In addition, these parameters can be intuitively designed on the frequency domain. These points are a big advantage in the industrial application. Moreover, it is possible to avoid the spillover for unknown vibration modes in the high frequency range because the minor-loop compensator is composed by lowpass filter.
Major-loop Controller Design
The major-loop feedback compensator C 2 (s) is designed for the augmented plant including minor-loop. Here, since the vibration modes in the plant are sufficiently compensated by the minor-loop, design of C 2 (s) is only considered the system stability, the servo bandwidth, and the settling performance for the simple plant without vibration modes. In this article, a simple Proportional-Integral (PI) compensator is designed as follows: Table 3 lists the designed parameters, where the parameters are especially tuned by considering the settling performance. Figure 10 shows the closed-loop characteristics (y/r). From the figure, robust vibration suppression against frequency variations can be achieved by applying the minor-loop compensation.
Experimental Verifications
Effectiveness of the proposed approach is verified by conducting experiments using the piezo-actuated stage system shown in Fig. 2 . In the experiments, the resonant frequency variation is simulated by placing a load on the stage to verify the robust vibration suppression performance. The broken lines in Fig. 11 show the plant characteristic with a load of 22 [g] acting on the stage, while the solid lines indicate the nominal plant characteristic shown in Fig. 3 . This result shows that the 1st resonant frequency changes to 290 [Hz] (−64 [Hz]) after placing the load. Figure 12 shows the displacement reference in the inching motion for an amplitude interval of 40 [μm] , and Fig. 13 shows the displacement reference in the step motion with different amplitudes. Figures 14 and 15 show the error waveforms between the reference and the response, where (a) indicates the results for the single-loop control system with notch filters shown in Fig. 4 and (b) indicates the results for the dual-loop control system shown in Fig. 7 . In each error waveform, the magnified error waveforms represent the stepreference input time of 0 [s]. This result confirms that the residual vibration after positioning for each response can be suppressed using the dual-loop control system. The maxi- To improve the convergence performance, optimal algorithm for parameter tuning considering robustness should be introduced. In addition, sensor performance, e.g. resolution and S/N ratio, should be improved. Figure 16 shows the response waveforms for the impulse disturbance, where the disturbance is inputted at 0.5 [s] after positioning for 50 [μm] . This result shows that the disturbance can be suppressed sufficiently because the sensitivity gain at the resonant frequencies reduces by employing the minor-loop control system.
Conclusions
This paper presented a robust vibration suppression approach against resonant frequency variations in the piezoactuated stage. In the proposed control system, dual-loop position controller was designed. The design of a minor-loop compensator focused on the reduction of sensitivity gain at around the resonant frequencies, where phase stabilization approach was introduced as a design guideline. On the other hand, a major-loop compensator was designed by considering system stability, servo bandwidth, and settling performance. The proposed design approach is clear design guideline and practical because the design parameters are only two. The proposed approach was verified by experiments using the piezo-actuated stage.
